Introduction
Lung cancer is the leading cause of cancer-related deaths worldwide, accounting for 28% of cancer deaths in males and 26% in females. 1 Indeed, data from the American Cancer Society in 2013 showed that lung and bronchial cancer were the top cause of cancer death in men over 40 years old and women above 60 years old in the United States. 2 Non-small-cell lung cancer (NSCLC) is the main pathological type of lung cancer with a poor 5-year survival rate. [3] [4] [5] To facilitate the improvement of new diagnoses and therapeutic strategies, it is crucial to understand the molecular mechanisms underlying the development and progression of NSCLC.
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Approximately 5%-10% of the human genome is stably transcribed, of which most sequences are non-protein-coding genes. 6 Long noncoding RNA (lncRNA) is a functional RNA molecule 200 nucleotides in length transcribed from non-protein-coding DNA sequences located between protein-coding genes. It has recently been found to be closely associated with tumor biology. 7 Thousands of human lncRNAs have been identified, although only 1% have a clearly defined and proven function. 8 A growing number of studies suggest that lncRNAs are involved in gene regulation through participating in transcriptional and epigenetic regulation in eukaryotes, thereby affecting the biological functions of cells. 9, 10 While many lncRNAs are closely related to disease, including tumors, most of their biological functions and mechanisms remain unclear. [11] [12] [13] [14] [15] In tumor cells, the expression of tissue-specific lncRNA may serve as a diagnostic marker. For example, Yao et al 16 observed low CAMD1-AS1 expression in renal clear cell carcinoma, and reported a worse prognosis for patients with lower expression levels, indicating a possible role for CADM1-AS1 as a tumor suppressor gene. In NSCLC, MALAT1 was shown to promote the growth and colony formation of NSCLC cells, while interference with MALAT1 expression markedly reduced the migration ability of pulmonary adenocarcinoma. 17, 18 Abnormal changes in glucose, lipid, and protein metabolism may exist in tumor cells, particularly an abnormal glucose metabolism. Even in the presence of oxygen, glucose metabolism in the mitochondria of tumor cells is transformed from oxidative phosphorylation to glycolysis, which consumes large amounts of glucose and generates lactic acid; this phenomenon is known as the Warburg effect. 19, 20 A significantly elevated expression of hexokinase (HK) in tumor cells compared with normal tissues has been reported in various malignant tumors, including malignant pleural mesothelioma, myeloma, colon cancer, and pancreatic cancer, with HKII elevation being the most evident. [21] [22] [23] HKII is the major isozyme that is overexpressed in tumors. It contributes to aerobic glycolysis, so is thought to be a pivotal player in the Warburg effect and is proposed as a metabolic target for cancer therapeutic development. 24, 25 Long intergenic noncoding RNA for kinase activation (LINK-A) is a newly discovered lncRNA that appears to correlate with tumor progression. LINK-A and LINK-A-dependent signaling pathway activation were recently reported to correlate with malignant tumors, including triple-negative breast cancer and glioma. 26, 27 However, little is known about the role of LINK-A in NSCLC. In the present study, we assessed the potential role of LINK-A in NSCLC cell proliferation, and discovered that LINK-A expression is increased in NSCLC tissues and positively correlates with clinical outcomes. 
Materials and methods
rna extraction and real-time Pcr analysis
Total RNA was extracted with Trizol ® (Thermo Fisher Scientific, Carlsbad, CA, USA) and used as a template for cDNA synthesis (TaKaRa Biotechnology Co. Ltd, Dalian, People's Republic of China). LINK-A expression levels were detected by quantitative reverse-transcription polymerase chain reaction (qRT-PCR) using the SYBR Green PCR master mix (TaKaRa Biotechnology Co. Ltd) in 20 µL reactions on the cobas z480 analyzer (Roche Molecular Systems, Inc., Pleasanton, CA, USA). PCR conditions were as follows: 95°C for 30 seconds, then 40 cycles of 95°C for 5 seconds, and 60°C for 30 seconds. The comparative C t method was used to quantify transcripts. LINK-A primers were as follows: LINK-A forward 5′-TTCCCCCATTTTTCCTTTTC-3′ and reverse 5′-CTCTGGTTGGGTGACTGGTT-3′; β-actin was used as an internal control and was amplified using primers 5′-AGCGAGCATCCCCCAAAGTT-3′ and 5′-GGGCACGAAGGCTCATCATT-3′.
construction of the linK-a expression plasmid and infection 
rna interference
To obtain a stable LINK-A-knockdown cell line, a lentivirus carrying LINK-A-shRNA (System Biosciences, Palo Alto, CA, USA) was infected into A549 cells using polybrene (4 µg/mL, Sigma-Aldrich Co., St Louis, MO, USA). At 48 hours post viral infection, the medium was changed to Roswell Park Memorial Institue-1640 containing 10% fetal bovine serum, followed by selection with 1 µg/mL of puromycin (Sigma) for 14 days. The shRNA targeting LINK-A sequence was 5′-TGTCTAAGGTGGAGATTAC-3′. The target sequence for HKII was 5′-CGGACAGAACACGGAGAGdTdT-3′ (Thermo Fisher Scientific). The siRNA was transfected into NSCLC cells separately using Lipofectamine 2000 reagent (Thermo Fisher Scientific) in accordance with the manufacturer's instructions.
Western blot analysis
Total protein from cultured cells was isolated with lysis buffer (Pierce, Appleton, WI, USA) and quantified using the Bradford method. Twenty microgram of protein was resolved and separated by 10% SDS-PAGE and then transferred onto a PVDF membrane (Millipore, Billerica, MA, USA). Antibodies against HKII (1:1,000, Cell Signaling Technology, Danvers, MA, USA) and β-actin (1:2,000, Santa Cruz Biotechnology Inc., Dallas, TX, USA) were used to incubate the membrane overnight at 4°C. The expression of β-actin was quantified as a loading control. The secondary antibody (1:2,000, Cell Signaling Technology) was then added and incubated for 2 hours at room temperature. The results of protein expression were visualized using ECL (Tanon, Shanghai, People's Republic of China) and detected using BioImaging Systems (Tanon).
cell proliferation assay
LINK-A-overexpressing NCI-H1299 cells and LINK-Aknockdown A549 cells were seeded separately at a density of 3×10 3 cells/well in 96-well plates in 100 µL medium. Then, 10 µL of MTT was added to each well and cells were incubated at 37°C for 4 hours in the dark. The medium was removed and 100 µL of dimethyl sulfoxide was added to each well. The absorption value at 490 nm was then recorded.
glucose consumption and lactate production assay NCI-H1299 cells infected with the pCDNA3.1-LINK-A plasmid were seeded in 35 mm dishes and incubated for 36 hours.
Stable LINK-A-knockdown A549 cells and corresponding control cells were incubated for 34 hours. The supernatants of the 2 cell lines were collected by centrifugation at 800 rpm 5 minutes to remove the cells. Glucose consumption was measured using the Glucose Assay Kit (Sigma, . Lactate production levels in the culture media were measured using the Lactate Assay kit (BioVision, K607-100, Milpitas, CA, USA) according to the manufacturer's instructions.
hK ii activity assay HKII activity was measured using the PicoProbe™ Hexokinase Activity Assay Kit (BioVision). Relative HKII activities in treated and untreated cells were expressed as percentages of the HKII activity in control cells, which was arbitrarily set as 100. 3-Bromopyruvic acid (3-BrPA; BioVision) was used as a HK inhibitor to treat NCI-H1299 cells overexpressing LINK-A.
in vivo tumor xenograft assay
All animal experiments were approved by the Animal Care and Use Committee of Chengdu Medical College. LINK-Aknockdown A549 cells and control cells were suspended in 40% Matrigel matrix (BD Biosciences, Franklin Lakes, NJ, USA) in PBS at a density of 1×10 7 cells/mL. Six-week-old male athymic mice were kept in a specific pathogen-free facility. Cells were injected subcutaneously into the flank region of nude mice using a 1-3 cm 1 tuberculin syringe. Tumor size was measured every 7 days with a caliper, and tumor volume was calculated using the following equation: tumor volume (mm 3 ) = L×W 2 /2, where L = length, and W = width. When the biggest tumor was nearly 400 mm 3 , which is the ethical endpoint to nude mice, the tumors were removed, photographed, and weighed.
immunohistochemistry (ihc) analysis
Expression level of HK II was evaluated by IHC analysis. Formalin-fixed, paraffin-embedded tumor sections were deparaffinized using a graded ethanol series, then incubated in 3% hydrogen peroxide for 10 minutes to block endogenous peroxidase. Primary antibody for HK II (1:150 dilutions; Cell Signaling Technology) was applied overnight at 4°C. Finally, immunoreactivity was scored as the nuclear staining intensity (on a scale of 0-3: negative =0, weak =1, moderate =2, strong =3) × the percentage of cells stained (positively recorded on an ordered categorical scale: 0= zero, 1=1%-25%, 2=26%-50%, 3=51%-100%), which resulted in a scale of 0-9. Immunoreactivity was evaluated by separately evaluated by 2 senior pathologists.
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statistical analyses
All data are presented as mean ± SD. χ 2 test was used to evaluate the relationship between LINK-A expression and clinicopathologic features. The comparison of multiple groups was analyzed using analysis of variance with Holm-Sidak's or Dunnett's multiple comparisons test (GraphPad Prism 6.0, GraphPad Software, La Jolla, CA, USA). P0.05 was considered statistically significant. All data analysis was performed with SPSS16.0 software (SPSS Inc., Chicago, IL). 
Ethical approval
Results
linK-a is upregulated in nsclc and correlates with patient outcome
In this study, we used qRT-PCR to evaluate lncRNA LINK-A expression in 113 pairs of NSCLC and noncancerous adjacent tissues. As shown in Figure 1A , LINK-A mRNA expression levels in NSCLC tissues were significantly higher than in corresponding noncancerous adjacent tissues (P=0.0031). LINK-A expression was then measured by qRT-PCR in NSCLC cell lines, including NCI-H1299, H1703, SK-MES-1, and A549. LINK-A showed the highest expression in A549 cells among the 4 cell lines and the lowest in NCI-H1299 cells ( Figure 1B) . Therefore, we used A549 cells and NCI-H1299 cells for further experiments.
To identify the potential association between LINK-A expression and tumor clinicopathological features in NSCLC, the patients were classified into low-LINK-A or high- LINK-A groups according to LINK-A mRNA expression levels (Table 1) . LINK-A expression levels significantly correlated with tumor size (P=0.019), tumor grade (P=0.032), and recurrence status (P=0.002). The log-rank test showed that low LINK-A expression patients had significantly higher survival rates than those with high levels of LINK-A expression (P=0.004, Figure 1C ).
Overexpression of linK-a promotes nsclc cell proliferation
To determine the biological function of LINK-A in NSCLC cells, we knocked down LINK-A expression in A549 cells by lentivirus-mediated RNA interference, and overexpressed it in NCI-H1299 cells by infecting plasmid pCDNA3.1-LINK-A (Figure 2A and B) . The MTT assay showed that LINK-A silencing inhibited the proliferation of A549 cells ( Figure 2C ). In contrast, NCI-H1299 cells showed a significant increase in growth compared with the control group ( Figure 2D ). Figure 2 Overexpression of linK-a promotes nsclc cell proliferation.
Notes: qrT-Pcr evaluation of linK-a expression in linK-a-knockdown a549 (A) and linK-a-overexpressing nci-h1299 cells (B). cell proliferation assay was performed in linK-a-knockdown a549 (C) and linK-a-overexpressing nci-h1299 cells (D)
. **P0.01; ****P0.001. Abbreviations: linK-a, long intergenic noncoding rna for kinase activation; nsclc, non-small cell lung cancer; qrT-Pcr, quantitative reverse-transcription polymerase chain reaction; cTrl, control.
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linK-a affects aerobic glycolysis and promotes cell proliferation through regulating hKii expression in nsclc cells
To investigate the role of LINK-A expression in aerobic glycolysis, we analyzed the expression of glycolysis genes in GEO profile data (GDS3627). We found that the expression level of LINK-A was positively correlated with HKII ( Figure 3A, P=0.007 ). This was verified by Western blot analysis revealing lower HKII levels in A549 cells following LINK-A knockdown, and upregulated HKII levels in LINK-A-overexpressing NCI-H1299 cells ( Figure 3B ). The corresponding HKII enzyme activity showed similar results, being reduced by 35.8% in A549 cells and increased by 32.9% in NCI-H1299 cells ( Figure 3C ). Next, we detected lactate production and glucose consumption in infected cells to investigate the aerobic glycolysis in NSCLC cells ( Figure 3D ). Knockdown of LINK-A inhibited glucose consumption by 39.7% and lactate levels by 30.6% in A549 cells. In NCI-H1299 cells, glucose consumption and lactate production were increased by 30.1% and 26.7%, respectively. To further determine whether LINK-A plays a role in cancer cell proliferation through the regulation of HKII expression in aerobic glycolysis, 3-BrPA (50 µM, an HK inhibitor) and specific siRNA were used to reduce HKII expression and activity in NCI-H1299 cells overexpressing LINK-A ( Figure 3E ). Treatment with 3-BrPA inhibited cancer cell proliferation by 31.27%, and siRNA by 38.44% in cells overexpressing LINK-A ( Figure 3F ). To assess the role of LINK-A in vivo, we performed the nude mouse xenograft assay for further study. The results showed that tumor volume of LINK-A-knockdown xenografts were significantly decreased compared with the control group ( Figure 4A) . The average tumor weight of xenografts from LINK-A-knockdown cell-injected mice was significantly lower than that of the control group (P=0.0023; Figure 4B ). HKII protein levels and enzyme activity in LINK-A-knockdown xenografts were significantly decreased compared with the control group ( Figure 4C) . Similarly, glucose consumption and lactate production were reduced by 46.3% and 39.6%, respectively, compared with the control group ( Figure 4D) . Moreover, tumor growth related protein, Ki-67, and HK II protein levels were decreased in LINK-A-knockdown xenografts ( Figure 4E and F) . These data suggest LINK-A promotes NSCLC tumorigenesis through aerobic glycolysis in vivo.
Discussion
Despite the rapid progress of lung cancer-related clinical medicine and experimental oncology, the treatment and prognosis of NSCLC remain unsatisfactory. The 5-year overall survival rate is reported to be about 11%, and nearly half of all patients are diagnosed at an advanced stage after metastasis has occurred in distant organs. 28, 29 Therefore, it is of great importance to elucidate the underlying mechanisms of NSCLC and to search for effective molecular targets to improve disease therapy and prognosis. Previous studies have suggested that lncRNA expression is abnormal in chronic lymphocytic leukemia, colorectal carcinoma, and hepatocellular carcinoma, with most of these lncRNAs being located near fragile sites or oncogenes. 30 The role of some lncRNAs in oncogenesis has been addressed, such as that of HOTAIR, located within HOXC on chromosome 12q13.13, in breast cancer. 31 In the present study, we investigated the expression level of a recently discovered lncRNA, LINK-A, in human NSCLC tissues. qRT-PCR showed for the first time that LINK-A mRNA expression was significantly higher in human NSCLC tissues than in noncancerous adjacent tissues. More importantly, we found that NSCLC patients with high LINK-A expression levels had significantly lower survival rates compared with those with low LINK-A, and that LINK-A expression correlated with NSCLC clinical pathological factors.
Many reported lncRNAs affect tumor biological progression through regulating important signaling pathways. For example, HOTAIR binds to PRC2, while some silent genes within the HOXD locus induce the trimethylation of histone H3 lysine 27, and then remodel the gene expression pattern in mammary epithelial cells. 32, 33 The ZXF1 sequence (7,291 bp), located between bases at loci 90692441 and 90699731 on human chromosome 10, interferes with the progression of pulmonary adenocarcinoma by regulating the transforming growth factor-β signaling pathway and the α-smooth muscle actin gene. 34 Moreover, Qiu et al 35 observed that the overexpression of lncRNA colon cancer-associated transcript 2 was specifically correlated with the development of pulmonary adenocarcinoma and could promote the invasion of carcinoma cells.
In triple-negative breast cancer, LINK-A expression and activation were reported to promote breast cancer glycolysis reprogramming and tumorigenesis through HIF1α signaling pathway. 26 Similarly, LINK-A was found to correlate with glioma cell growth and invasion via LDHA. 27 To identify the biological effect of LINK-A on NSCLC progression, we constructed 2 specific cell lines: LINK-A-overexpressing NCI-H1299 and LINK-A-knockdown A549 cells. A cell proliferation assay indicated that LINK-A silencing inhibited the proliferation of LINK-A-overexpressing NSCLC cells, while an in vivo study in nude mice confirmed that the knockdown of LINK-A expression significantly reduced tumor weight and volume.
HKII is overexpressed in most cancer cells, including breast cancer, malignant pleural mesothelioma, myeloma, colon cancer, pancreatic cancer, and glioblastoma (GBM). [36] [37] [38] [39] [40] [41] [42] A recent study conducted by Wolf et al 43 demonstrated that HKII may play an important role in GBM aerobic glycolysis. HKI was mainly expressed in normal brain tissues and lowgrade GBM, whereas HKII expression was found mainly in high-grade GBM. Other research has also shown that the proliferating rate of the hepatocellular carcinoma cell line SNU-449 is accelerated by 1.5-2.0-fold following the exogenous infection of HKII. 44 Therefore, the upregulation of HKII may influence the biological behavior of carcinomas through promoting efficient glycolysis in tumor cells.
Although LINK-A and HKII were both found to be correlated with cancer cells invasion or migration, 27, 45 here we detect migration and invasion abilities in LINK-A-overexpressed and -knockdown NSCLC cells. The data shows that neither overexpression nor knockdown of LINK-A has any effects on NSCLC cell migration and invasion compared with parental cells (data not shown). This result hints LINK-A may has other target gene(s) in NSCLC cells.
In the present study, we found that LINK-A affects NSCLC cell glycolysis. NSCLC cells with high levels of 
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linK-a promotes nsclc proliferation LINK-A expression had significantly increased HKII protein levels accompanied by increased enzyme activity, whereas the opposite was observed in A549 cells with low LINK-A expression. In GEO profile data and our collected NSCLC tumors, the mRNA level of HKII has positive correlation to LINK-A; however, we found no correlation between mRNA level of LINK-A and the protein level of HKII when assessed by IHC. Moreover, the mRNA level of HKII also showed no positive correlation with its protein level in NSCLC tumors (data not shown). We propose that LINK-A has directed or indirect regulation on HKII transcription, so we can find a positive correlation between LINK-A and HKII using their mRNA levels. However, in tumors, the protein level of HKII has many influencing factors, 46, 47 such as hypoxia and posttranscriptional modification; these influencing factors disturbed the protein level which is in accordance to our finding.
We also showed that LINK-A expression affects glucose consumption and lactate production both in vitro and in vivo. Tumor cell metabolism involves multiple processes that are regulated by the abnormal expression of coding and noncoding genes. Glucose consumption may be as much as 10-fold higher than that of normal cells; consequently, the production of the glycolysis product lactic acid is also increased, which is favorable for the growth and proliferation of tumor cells. Some researchers argue that these characteristics of tumor cells help them escape apoptosis, which is associated with poor prognosis in tumor patients. 25, 48 The pharmacologic inhibition (3-BrPA) and siRNA of HKII were previously found to suppress LINK-A overexpression-induced cell proliferation ( Figure 3E and F) , suggesting that LINK-A promotes cell proliferation and aerobic glycolysis in NSCLC cells via the regulation of HKII. Combined with cell proliferation results, this indicates that LINK-A affects tumor progression through glycolysis.
Conclusion
This study reports for the first time that LINK-A is upregulated in NSCLC tissue. The expression of LINK-A positively correlates with clinicopathological characteristics and survival rate in NSCLC. Moreover, LINK-A affected the proliferation and aerobic glycolysis of NSCLC cells through regulating HKII. These data suggest that the functions of LINK-A in NSCLC might play a key role in tumor progression and could be a promising predictive biomarker and potential therapeutic target for NSCLC.
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